A general kinetic nucleation and condensation model is proposed and implemented in the direct simulation Monte Carlo method. Both gas and clusters are treated as particles in this model, and clusters possess internal energy and potential energy. Nucleation and condensation processes are treated as collision events, and the probability for possible nucleation or condensation is determined from the nucleation rate and sticking coefficient. Literature review shows that there are many uncertainties in gas nucleation and condensation theory. The proposed model is then very useful for parametric studies. Our parametric studies show that both nucleation rate and sticking coefficient affect properties of the gas and clusters. Simulation of supersonic flow in an expansion nozzle shows that the proposed model is able to simulate complicated flows involving clusters. 
I. Introduction
n recent years there has been much interest in the behavior of clusters. The formation and growth of clusters through gas nucleation and condensation is believed essential to many phenomena. For instance, vapor-liquid nucleation processes play an important role in the formation of atmospheric aerosols. 1 The formation of soot begins with formation of clusters. 2 Gas condensation can also occur within thruster plumes, and clusters may cause contamination of the rocket surfaces. 3 The formation of clusters will affect the supersonic flow in expansion nozzles due to the heat released during the phase change process. 4 Cluster formation and growth is also involved in many material processes, including chemical vapor deposition, 5 dry etching, 6 and nanoscale material manufacturing. 7 Understanding the mechanism of the gas nucleation (cluster formation) and condensation (cluster growth) will therefore help improve fabricating techniques and the quality of the resultant products. Studies on gas nucleation and condensation are generally based on two approaches: continuum approach and kinetic approach. The continuum approach is usually called classical nucleation theory 8, 9 that is derived from thermodynamics. It is assumed that homogeneous nucleation starts when the free energy loss from the transition of gas molecules into the liquid phase can compensate for the energy increase resulting from the surface tension of a cluster. Different expressions have been derived for the nucleation rate, and some of them can differ by a factor of 10 17 for the magnitude of the nucleation rate. 9 Furthermore, the surface tension of clusters is still unclear yet. If the value of the bulk material is used for the surface tension of clusters, an advanced expression (Lothe and Pound 10 ) for the nucleation rate predicts a much worse nucleation rate than a simple expression (Becker and Doring 8 ) as compared with measurement data. Therefore there are still many uncertainties in the classical nucleation theory. On the other hand, many efforts have been made recently to develop kinetic approaches. One is called Smoluchowski's approach where nucleation is viewed as a process of chemical aggregation. 11 The key issue is to determine the rate constants that are still unresolved yet. A fundamental approach for studying nucleation and condensation is the molecular dynamics method that simulates molecular movement and interactions directly. 12 This approach is supposed to expose the detailed nucleation and condensation processes, and has been applied to study gas nucleation and condensation. 8, [13] [14] [15] [16] However, studies using molecular dynamics are limited to systems with few clusters or/and clusters having small size because of the large numerical cost for simulations. It is impractical to simulate mesoscale systems such as supersonic flow in an expansion nozzle based on the current computational capability.
A more efficient kinetic approach, the direct simulation Monte Carlo (DSMC) method, 17 has been introduced into the field of gas nucleation and condensation. The DSMC method is less numerically expensive than molecular dynamics but still kinetically accurate, and gas nucleation and condensation models can be easily implemented in the DSMC method. Therefore, the DSMC method is becoming a popular approach for model testing and flow investigation. 11, [18] [19] [20] [21] [22] For instance, Hettema and McFeaters 11 used the DSMC method to implement the Smoluchowski approach; Zhong et al. 21 employed the classical nucleation theory in the DSMC method studying supersonic plumes. Most of these applications, however, have neglected the cluster effects on gas flows, which then affects the cluster modeling. There are two significant influences of clustering on gas flows: the removal of a portion of the vapor phase and the "heating" of the remainder to absorb the energy extracted from the condensed phase. In the usual case, the ratio
T C h p fg
( fg h being the enthalpy change during condensation, p C being the specific heat, and T is the local temperature) is greater than unity and this means that "heating" has a larger effect on the stream properties than the vapor removal. 4 These effects were partially demonstrated in the plume studies by Perrell et al. although a continuum-based approach was used. 23 We also showed the clustering effects on gas flow in our previous paper when studying gas expansion in a supersonic nozzle by including dimers in the simulation. 22 However, there is no systematic nucleation and condensation model developed for the DSMC method yet.
The main goal of this study is to develop a general nucleation and condensation model to be implemented in the DSMC method. The model itself is not able to predict the value of parameters for simulations, but is supposed to utilize new results from molecular dynamics simulations. The rest of the paper is organized as follows. Brief description of homogeneous nucleation and condensation theory is given in section II. Then microscopic modeling that is suitable for the DMSC method is discussed in section III. Several parametric studies are given in section IV. Finally, the paper ends with some concluding remarks.
II. Homogeneous Nucleation and Condensation Theory
A gas is regarded as undersaturated, saturated, or supersaturated if the pressure of the gas ( P ) is less than, equal to, or larger than the equilibrium saturation value ( s P ) corresponding to the local temperature. The undersaturated and saturated states are thermodynamically stable, whereas the supersaturated state is unstable. The supersaturated I gas will nucleate and condense in the presence of impurities or walls. Otherwise, the gas sustains a very high degree of saturation (
) until homogeneous nucleation occurs.
There are generally two different views on the homogeneous nucleation processes. The classical nucleation theory (CNT) indicates that nucleation begins after the "energy barrier" is overcome; whereas kinetic approaches, such as Smoluchowski's approach, assume that nucleation starts from formation of dimers. In the classical nucleation theory, it is assumed that clusters grow or shrink via the attachment or loss of a single molecule. Making this approximation leads to a set of coupled rate equations for the number density of clusters of different size. Further with the equilibrium state assumption, the nucleation rate ( J ) can be expressed as follows:
where * r is the critical cluster radius, and * G ∆ is the free energy of formation of a critical-sized cluster. The other variables are: Boltzmann constant k , gas number density n , molecular mass m , and constant c . The critical size is defined such that the free energy of formation reaches the maximum value at this size, and clusters larger than this size are stable whereas smaller clusters are thermodynamically unstable. The CNT relies on a macroscopic approximation for evaluation of the free energy of clusters. This of course makes no sense for small clusters of a few molecules. There are also arguments on the number of degrees of freedom to be included in the evaluation of free energy. 9 In general, the nucleation rate can be expressed using a nucleation constant ( n c ): Determining the value of σ is another challenge. There is no general agreement on how the surface tension relates to the radius of curvature. 4 The surface tension is also temperature-dependent. Although there are several uncertainties in the CNT, measurement data can actually follow the CNT prediction (expression (2)) for most cases. 8 However, when the vapor temperature is low, the critical size predicted by CNT may not be reasonable. For instance, for condensation of water vapor in air at low temperatures K T 270 < , the size of the critical cluster determined by CNT is less than the water molecule itself. 24 Some even suggested not to use the CNT for modeling the onset of clustering in supersonic beams. 25 Kinetic approaches, however, do not use the concept of "equilibrium state" and there is no critical cluster size. Clusters are formed when two molecules approach each other and form a bound state. It is generally assumed that the formation of a bound state is feasible only when a third particle interacts with one of the two particles and carries away the kinetic energy. Molecular dynamics simulation by Zeifman et al. confirmed that condensation starts from dimer formation in triple collisions of monomers. 26 The nucleation rate, however, has not been generally determined. Because clusters can dissociate, the cluster distribution can diverge as the volume containing the clusters increases. Treatment of the volume dependence of the free energy has been a source of confusion and controversy in the development of a general molecular theory of nucleation. Other kinetic approaches, however, cannot predict the nucleation rate. For instance, the Smoluchowski approach treats cluster formation as a chemical reaction, but the value of rate constants is unavailable from the approach itself. Another difference is that a third particle is not included for the cluster formation reaction in the Smoluchowski approach. Overall, there is no general expression for the nucleation rate in kinetic approaches.
There are fewer discrepancies about the growth and depletion of clusters. Both continuum and kinetic approaches assume that cluster condensation and evaporation proceeds via one monomer at a time. Other processes such as rearrangement and fragmentation processes are sometimes included. When a monomer has a collision with a cluster, a sticking coefficient ( s q ) is used to indicate the possibility for a condensation event. Then the condensation mass flux can be expressed as
A collision between a monomer and a cluster can also activate the cluster to evaporate. The evaporation mass flux is derived such that the evaporation mass flux is equal to the condensation mass flux in equilibrium, and is expressed as
T is the cluster temperature and d P is the hypothetical ambient pressure which would be necessary to keep the cluster in equilibrium.
III. Microscopic Modeling
Gas nucleation and condensation are essentially kinetic processes. Detailed description of these processes, however, is numerically too expensive; and it is unnecessary for many practical applications. A statistical description is then more useful for numerical simulations. In this section, we will discuss some properties of clusters, and develop microscopic models that can be easily implemented in the direct simulation Monte Carlo method for gas nucleation and condensation.
A. Some Properties of Clusters
Theoretically, clusters bridge the gap between microscopic gas and macroscopic materials. The behavior of small clusters (dimer, trimer, etc.) is governed by atomic and molecular mechanics whereas the behavior of largesized clusters is governed by the macroscopic properties of the material. Therefore, as clusters form and grow, their behavior develops from the molecular to the bulk behavior.
Clusters are treated as particles so that microscopic behavior of clusters can be well represented. For simplicity, only a monatomic gas is discussed in this study. If we denote a j-mer as a cluster having j atoms, then the mass of a j-mer is jm . ) when the cluster size increases. The latent heat of evaporation is temperature-dependent, and its relation can be derived using the first law of thermodynamics: 
where Q is the heat required to heat the cluster from T to 0 T . The dependence of the latent heat on cluster size is still unclear. If we refer to the often used binding energy expression ( )
( v a and s a are constants corresponding to the volume and surface terms), 19 the latent heat of evaporation of clusters is assumed as follows:
where the last term is added to increase options for parametric studies. If clusters are assumed as spheres, the radius is therefore 1 3 1 r j based on the volume. In fact, the radius of clusters is better represented by
as predicted by molecular dynamics simulation, 27 where A and B are constants. Molecular dynamics simulations also show that the cluster radius depends on the relative collision velocity as in the variable hard sphere molecular model:
where ν is the temperature index of the viscosity, which also depends on the cluster size. 
B. Nucleation
As discussed in Section II, there is no general kinetic expression for gas nucleation. The expression from the classical nucleation theory is then used to derive a microscopic expression for the nucleation rate. A multiplicative factor may be used in the expression, and parametric studies may be performed to study effects of this factor. Here, we assume that the formation of dimers is the onset of nucleation as in general kinetic approaches. For simplicity, the third particle is also omitted and the metastable collision complex is assumed stabilized upon the next collision. This assumption is acceptable since we do not really know what the value of the nucleation rate is. The nucleation rate is then converted to a nucleation probability of binary collisions. Namely, a nucleation event occurs according to the probability of nucleation, which is derived as follows:
where T σ is the collision cross section.
After a nucleation event occurs, the status of the formed dimer can be evaluated as follows:
C. Condensation and Evaporation
When a monomer collides with a cluster, there are three possible collision types: condensation, evaporation, and regular reflection. We combine the condensation and evaporation probabilities into one probability, and use the sign of the combined probability to indicate a possible nucleation or condensation event. The combined condensationevaporation probability is derived as: Note that the post-collision status is determined only for a condensation event. The status for an evaporation or reflection event is not determined. A general procedure for this undetermined status is to use the Borgnakke-Larsen model, 17 which is explained in the next sub-section.
D. Larsen-Borgnakke Model
The Larsen-Borgnakke model is widely used in the DSMC method to redistribute total collision energy between translational and internal energy modes by sampling energy from two equilibrium distributions. Using the equalpartition principle, the distribution of energy a E from a total of b a E E + can be expressed as follows:
where a ξ and b ξ are the numbers of degrees of freedom for a E and b E , respectively. The instant value of energy a E is sampled using the acceptance-rejection method. 17 Namely, a value of a E is chosen randomly between zero and b a E E + , then this value is used to calculate its probability ratio using Eq. (24) and is compared with a random ( ) ( ) (24) fraction f R that is generated from a uniform distribution between 0 and 1. This value of a E is accepted if the probability ratio is greater than f R , but a new value is chosen and the process is repeated if the ratio is less than 
To compare the numerical performance of the standard and modified Larsen-Borgnakke models, the average number of attempts required during the acceptance-rejection procedure is plotted in Fig. 1 (a) where the percentage of one . We find that there are 4 values larger than 0.1 among 10,000 values, which is statistically too much. These undesired values, however, are avoided when the modified Larsen-Borgnakke method is employed (the plot is otherwise similar to Fig. 1(b) , and is therefore not shown).
IV. Parametric Studies
The developed kinetic model is implemented in the DSMC research code "MONACO". 28 The clusters are modeled as particles in a similar way to monomers. Clusters have translational velocity; and their internal and potential energy is represented by the cluster temperature. The sub-relaxation technique 29 is employed to evaluate the macroscopic properties (gas temperature, pressure, et al.) that are explicitly involved in the developed microscopic model. We use argon gas to illustrate the nucleation and condensation processes.
As discussed in Section III, there are many uncertainties about the nucleation and condensation processes. For simplicity, the clusters are modeled as hard spheres, which means that the cluster radius is calculated as 
when the temperature is in the range between 20K and 150.85K. Two numerical examples are employed to study effects of several parameters on gas nucleation and condensation. One is a box flow. The argon gas represented by 90,000 particles is simulated in a square box where the box surface is assumed specular. The initial number density and temperature are 1×10 26 /m 3 and 55K, respectively. Other parameters are set as following unless specified otherwise: 
A. Nucleation Rate
There is not much information about the nucleation rate at low temperature. It is therefore very important to study effects of this rate on flow properties. Figure 2 shows some plots using three different values for the rate constant. In this study, evaporation of a dimer to two monomers is disabled because fluctuation of flow properties cannot nucleate a dimer after a dimer is accidentally evaporated. These plots show that the number of clusters increases linearly at the early time and then quickly reaches a constant as the degree of supersaturation decreases because the monomers are converted into clusters and gas temperature is increased. The average cluster size is almost independent of the nucleation rate at very early time, but then increases in a behavior dominated by the condensation process (smaller nucleation rate corresponds to larger clusters). Both gas and cluster temperatures increase as more and more gas is converted into clusters, and the gas temperature lags behind the cluster temperature. It takes more than a tenth of a microsecond to reach the steady state. In general, a larger nucleation rate means that there will be more clusters but having a smaller average size, and the gas will be heated quicker but there is less effect on the final flow temperature which is basically determined by the vapor pressure.
B. Sticking Coefficient
The sticking coefficient is usually pre-assumed for condensation simulations. Recent studies of Zhong et al. 27 showed that the sticking coefficient depended on the cluster size. For the time being, we only consider a fixed sticking coefficient for all clusters. Figure 3 shows comparisons of several flow properties using three different values for the sticking coefficient. Clearly, the sticking coefficient has no effect on the number of clusters at early time, but a larger sticking coefficient means a large cluster size and later limits the number of clusters at steady state. Because the sticking coefficient determines the condensation rate, it also affects the temperature of both gas and clusters. A larger sticking coefficient will heat the gas more quickly. If the sticking coefficient is very small, then gas-cluster collisions will have a larger possibility for a reflection collision; so the gas temperature can closely follow the cluster temperature. 
C. Potential Energy
The value of potential energy is also unclear for small clusters. We therefore test effects of potential energy on flow properties. Figure 4 shows some results using several different values for the potential energy. Maybe because of the small sticking coefficient (0.1), there are no large effects of the potential energy tested on the flow properties. Further studies are required to draw solid conclusions for effects of the potential energy.
D. Supersonic Flow in Expansion Nozzle
It is not unusual that gas nucleation and condensation occurs in supersonic flow in expansion nozzles. 4, [21] [22] We use a simple example to illustrate the gas nucleation and condensation phenomena in supersonic expansion flows. The expansion nozzle is two dimensional, and the surface is assumed specular. The inflow argon gas has a uniform velocity of 400m/s, a temperature of 60K, and a number density of 10 
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The flow patterns of this problem are illustrated in Fig. 5 . Figure 5(a) shows the number of clusters formed in the simulated domain (the average particle number in each cell is about 500). Clearly, the clusters are formed in a relatively small region (Fig. 5(c) ), and the cluster size increases as the clusters move downstream in the flow (Fig.  5(b) ). So the mass fraction of clusters also increases downstream the flow (Fig. 5(d) ). It is found that the velocity of clusters (Fig. 5(f) ) is very close to the gas velocity (Fig. 5(e) ), whereas the cluster temperature (Fig. 5(h) ) is larger than the gas temperature (Fig. 5(g) ) because there are few reflection collisions between gas molecules and clusters. If we decrease the sticking coefficient, then few gas molecules will condense onto each cluster (Fig. 6(b) ). However, there are more clusters formed in the flow (Fig. 6(a) ). The temperature of both gas and cluster decreases, and the difference between them also decreases. If we decrease the nucleation rate ( (Fig. 7(a) ) where the degree of supersaturation is larger. The average size of clusters increases, and the temperature of both gas and clusters decreases as expected. 
V. Discussion and Conclusion
Gas nucleation and condensation is very common in both nature and industry. There have been many studies on this topic. The classical nucleation theory is able to explain some physics of the nucleation processes, and molecular dynamics simulation is supposed to expose the detailed mechanism of gas nucleation and condensation. However, due to the physical inaccuracy of the classical nucleation theory for small clusters and the extremely expensive numerical cost for molecular dynamics simulations, there is no general tool for studying gas flows having clusters.
The direct simulation Monte Carlo method is a less numerically expensive but still kinetically accurate method. We develop a general nucleation and condensation model and implemented it in the DSMC method, and thus detailed flow simulation becomes possible for flows involving clusters. In this model, clusters are modeled as particles, but both internal energy and potential energy are considered. Gas nucleation and condensation are modeled via particle collisions. The probability for possible nucleation or condensation, however, cannot be determined from the model itself. Since there are many uncertainties in the physics of nucleation and condensation, the DSMC method is very useful to investigate effects of parameters on general flow properties.
Our parametric studies showed that the proposed model was able to test effects of different parameters. The nucleation rate affected not only the number of clusters and cluster size but also the properties of the remaining gas. Investigation also showed that the sticking coefficient was very important for both cluster and gas properties. The application of the proposed model to a model example, supersonic flow in an expansion nozzle, demonstrated the capability of the proposed model: it is able to simulate complicated flows involving clusters and can predict detailed flow properties of both gas and clusters.
